Regulation of cardiovascular system activity involves complex interactions amongst numerous factors. Three of these vasoactive factors are adrenomedullin, C-type natriuretic peptide (CNP) and endothelin-1 (ET-1), each of which is claimed to have important local effects. To investigate paracrine/autocrine regulation of the secretion of these peptides we used a cell immunoblot method. We postulated that basal release of adrenomedullin and CNP by endothelial cells is modulated by ET-1. Dispersed human aortic endothelial cells were attached to a protein binding membrane and incubated for 1 or 4 h with control medium or with ET-1, endothelin receptor antagonists or antibody to ET-1, and then submitted to immunohistochemical staining. Peptides (adrenomedullin, CNP and ET-1) within individual cells were stained, as was peptide secreted and adjacent to the cell. It was demonstrated that adrenomedullin, CNP and ET-1 can be contained within the same cell. In addition, we observed that individual endothelial cells can secrete all three peptides.
Introduction
There is increasing evidence that regulation of cardiovascular system activity is very complex. Apart from the sympathetic nervous system and classical hormone systems, the cells of blood vessels are now known to contain a number of vasoactive peptides. These peptides, contained within vascular smooth muscle cells (VSMCs) and vascular endothelial cells, are believed to act in a local autocrine/ paracrine manner. Three such peptides, adrenomedullin, C-type natriuretic peptide (CNP) and endothelin-1 (ET-1), are synthesised within endothelial cells (Suga et al. 1993 , Sugo et al. 1994a , Day et al. 1995 , Harrison et al. 1995 , Ishihara et al. 1997 .
Adrenomedullin has vasorelaxant properties in animal models (Champion et al. 1997 ) and in humans (Cockcroft et al. 1997 , Lainchbury et al. 2000 , Troughton et al. 2000 . CNP also has vasodilator properties, but its precise role under physiological and pathophysiological circumstances remains ill defined (Espiner et al. 1995) . Plasma concentrations of the potent vasoconstrictor peptide, ET-1, are increased in a number of cardiovascular disorders (Cody et al. 1992 , Rodeheffer et al. 1992 , Tomoda 1993 , implying an important role in pathophysiological conditions.
It is possible that circulating concentrations of these three peptides elicit biological responses at sites distinct from their source of production (classical hormone functioning), but there have been suggestions that they have a more important effect locally, through paracrine or autocrine processes (Suga et al. 1993 , Sugo et al. 1994b , Ishihara et al. 1997 , Pham et al. 1997 . However, regulation of their secretion and their roles in vasoregulation remain to be characterised in detail. In this study we investigated interactions between peptides from endothelial cells. We used the cell immunoblot method (Kendall & Hymer 1987 , Arita 1993 , Evans et al. 1999 , Kusaka et al. 2000 , which is ideally suited to investigating how endothelial cells within a population alter their secretory activity. Our hypothesis was that ET-1, produced within human endothelial cells, could alter the release of adrenomedullin and CNP from these same cells.
Materials and Methods
Human aortic endothelial cells (BioWhittaker, Inc., Walkersville, MD, USA) were kept as frozen aliquots at 196 C. Aliquots were thawed and incubated in the supplier's medium at 37 C and subcultured twice until there was a confluent layer. Cells were then harvested and transferred to the collection medium (DMEM containing 0·1% BSA) at a concentration of 6·0 10 4 cells/ml. Cells were usually used at passages 7-9.
Immobilon P (Millipore Corporation, Bedford, MA, USA), a polyvinylidene fluoride protein-binding hydrophobic membrane with an open pore structure that permits molecular access to bound proteins, was cut into strips, immersed in methanol for 20 s, and allowed to dry. Glass incubation cylinders (cloning rings), of internal diameter 5 mm and height 90 mm, were sealed to the membrane using silicon grease and the unit (a strip of three cylinders) was transferred to humidified six-well culture dishes (well diameter 35 cm). The membrane within each cylinder was incubated with 100 ml Dulbecco's modified Eagle's medium (DMEM) for 15 min and the medium aspirated off. An aliquot of cells (6 10 3 in 100 µl DMEM) was then added and allowed to settle in the humidified chambers at 37 C for 60 min. The viability of the cells was determined, using trypan blue, to be greater than 95%. The supernatant was removed and discarded.
Medium only (DMEM) or medium containing test agent was added. In this study, ET-1 (Sigma Aldrich) in concentrations of 0·8 pM to 80 nM, bosentan (an endothelin ET-A/ET-B receptor antagonist) 20 pM to 2 µM, BQ-788 (an ET-B receptor antagonist; Peninsula Laboratories, Belmont, CA, USA) 0·15 nM to 1·5 µM, anti-ET serum (Peninsula Laboratories) at 1/500 dilution, gonadotrophin-releasing hormone (GnRH; a peptide of the hypothalamo-gonadotroph axis, used in this study as a control peptide; Sigma Aldrich) 10 nM and 100 nM, and rat luteinising hormone (LH; a glycoprotein produced by gonadotrophs, used in this study as a control protein; The National Hormone Pituitary Program) 1 ng/ml and 10 ng/ml, were added. The cells were incubated at 37 C for 1 h or 4 h, after which time the supernatant was removed.
Glutaraldehyde 100 µl, 2·5% v/v (EM grade, ProSciTech, Thuringowa Central, Queensland, Australia) was added for 1 h at room temperature. The cells were washed three times (10 min each) in 100 µl Tris-HCl buffer (100 mM, pH 8·2). Blocking buffer (Tris-HCl buffer containing 3% BSA) was added for 1 h, followed by 100 µl primary antibody (in Tris-HCl containing 0·3% BSA). Rabbit anti-adrenomedullin (Lewis et al. 1998 ) was used at 1/3000 dilution, and rabbit anti-CNP (Peninsula Laboratories) at 1/3000 dilution. The cells were incubated overnight at 4 C, then washed three times in phosphate buffer (pH 7·4) containing 0·3 M NaCl (PBS). Secondary antibody coupled to biotin (in PBS) was added at 1/1000 dilution (anti-rabbit-IgG-biotin, Sigma Aldrich) for 1 h and the cells and membranes washed three times in PBS. The proteins were visualised using Vectorstain kit reagents (Vector Laboratories, Burlingame, CA, USA) according to the manufacturer's instructions. Adrenomedullin was visualised using alkaline phosphatase, which produces Vector Red product, and CNP using 5-bromo-4-chloro-3-indoyl phosphate/nitro blue tetrazolium, which produces a blue product.
The glass incubation cylinders were removed from the membrane strips and the cells counterstained with Light Green CI42095 1% in water (a general cytoplasmic stain; Gurr, Product number 34204) after the membranes had been passed through 70% ethanol, 100% ethanol and xylene. The cells were dehydrated in increasing concentrations of ethanol, cleared in xylene and permanently mounted. Cells were manually counted into the following categories by a single observer blinded to the experimental procedure: (a) neither containing nor secreting peptide (i.e. adrenomedullin or CNP), (b) containing but not secreting peptide, or (c) secreting (in addition to containing) peptide. The total number of immunopositive cells was obtained by adding categories (b) and (c). Approximately 225 cells were counted in each incubation cylinder, and percentages in each group were calculated.
For triple staining, cells were sequentially exposed to primary and secondary antibodies for localising adrenomedullin and CNP as described above, and to guineapig anti-ET-1 serum (Peninsula Laboratories) at 1/1000 dilution. ET-1 was localised using anti-guineapig-IgG-biotin (Sigma Aldrich), followed by Vectorstain kits using horseradish peroxidase and diaminobenzidine, which produces a brown product. Cells that were stained to localise the three peptides were not counterstained. These cells were not counted for quantitation of non-secreting and secreting cells.
Control membranes were subjected to the staining procedures in the absence of primary antisera or secondary antisera, or with replacement of primary antisera by non-immune sera or sera preadsorbed with peptide to confirm specificity of the methods. Stimulation control incubations were performed using two proteins not known to be associated with vascular modulation, GnRH, a 10 amino acid peptide and LH, a large (molecular weight approximately 30000) glycoprotein. These incubations were performed in order to control for non-specific effects induced by the factors used in this study. GnRH was added to cells at 10 nM and 100 nM and LH at 1 ng/ml and 10 ng/ml. In no case was there any difference between the profiles of the cells stained for adrenomedullin or CNP and those seen in control incubations.
Statistical analysis
Results were analysed by one-way analysis of variance, paired t-test or signed rank test, and P<0·05 was taken to indicate a significant difference between groups. Each experiment was carried out in duplicate or, more usually, in triplicate on at least three or, occasionally, two separate cell preparations. The replicates (n=r, s) are documented as number of incubated aliquots (r), and number of separate cell preparations (s). For statistical testing, the degrees of freedom were taken from the numbers of independent experiments, and the S.E.M.s were calculated taking the averages from incubations in an experiment as one datum value.
Results

Localisation of vasoactive peptides in human aortic endothelial cells
Cells were transferred to the membranes and subjected to the cell immunoblot procedure. Secreted peptide was visualised as stained areas around cells (Fig. 1A-F) . The staining was not evenly distributed, raising the possibility that some areas of the cell membrane may have distinct functional secretory characteristics. By concurrent staining to localise adrenomedullin, CNP and ET-1 (Fig. 1G) , it was demonstrated that some endothelial cells contained all three vasoactive peptides within the same cell. In addition, it was observed that some individual cells could secrete all three peptides (not illustrated).
When control incubations were examined after 4 h, 16·1 1·2% of the cells were observed to have secreted adrenomedullin and another 77·5 1·8% of cells stained for adrenomedullin but showed no evidence of secretionthat is, they were classified as adrenomedullin-containing, non-secreting cells. In control incubations, for CNP, 16·7 0·4% of cells secreted the peptide and a further 76·9 0·9% cells contained CNP but were not observed to secrete the peptide.
Modulation of adrenomedullin and CNP secretion by an ET-A/ET-B receptor antagonist
The ET-A/ET-B receptor antagonist, bosentan, decreased the proportion of cells that secreted adrenomedullin in a concentration-dependent manner after 4 h (Fig. 2) . These effects of bosentan were also evident by 1 h: bosentan 20 nM and 2 µM decreased the number of secreting cells to 74·6 2·4% (n=9, 3) (P<0·01) and 59·6 4·4% (n=6, 2) (P<0·001) of control respectively. Likewise, bosentan decreased the proportion of cells that secreted CNP (Fig. 3 ). There were increases in the numbers of cells that contained but did not secrete adrenomedullin (P<0·05 for bosentan 2 µM) or CNP (P<0·01 for bosentan 2 µM).
Modulation of adrenomedullin and CNP secretion by ET-1
Endothelin-1 increased the proportion of adrenomedullinsecreting cells in a concentration-dependent manner at 4 h (Fig. 4) . These effects were also observed at 1 h. Endothelin-1 80 pM increased the numbers of cells secreting adrenomedullin by 127·9 5·8% (n=9, 3) over control (P<0·001), and ET-1 80 nM increased the number of secreting cells by 149·3 14·0% (n=15, 5) over control (P<0·01) at 1 h. Exposure to ET-1 for 4 h also significantly increased the proportion of CNP-secreting cells (Fig. 5) , and decreased the cells that contained but did not secrete CNP (P<0·01 for ET-1 80 nM).
Bosentan and ET-1 together
Bosentan, added together with ET-1, inhibited the effect of ET-1 on both the number of cells that secreted adrenomedullin and the number that secreted CNP (Tables 1 and 2) .
Effect of an ET-B receptor antagonist
BQ-788, a selective ET-B receptor antagonist, reduced adrenomedullin secretion in a concentration-related manner (Fig. 6) , and caused increases in the numbers of cells that contained adrenomedullin but had no detectable secretion (P<0·05 with BQ-788 1·5 µM).
BQ-788 and ET-1 added together
The ability of the selective ET-B receptor antagonist, BQ-788, to inhibit the action of ET-1 was also tested by adding the agents together to the cells. The enhancing effect of ET-1 on the number of cells secreting adrenomedullin was inhibited by BQ-788 (Table 1) .
Antiserum
Endothelin-1 antiserum at a dilution of 1/500 reduced the numbers of cells secreting adrenomedullin or CNP, to 22·3 6·6% of control (n=9, 3) (P<0·01) for adrenomedullin-secreting cells, and 50·3 0·6% of control (n=6, 2) (P<0·01) for CNP-secreting cells.
'Used' media
Using a slightly modified procedure, bosentan was pipetted into the medium already present, rather than into medium that was changed after 1 h. Under these conditions, bosentan was ineffective in reducing the number of secreting cells (Fig. 7) . Similar results were obtained when the peptide BQ-788 was used.
Discussion
The cell immunoblot method has been used by us and by others to investigate cellular functioning of the pituitary (Kendall & Hymer 1987 , Arita 1993 , Evans et al. 1999 , and it has been applied by one group to endothelial cells (Kusaka et al. 2000) . One advantage of the method is that, at the level of single cells, local secretion of peptide hormones can be detected and information can be obtained that is otherwise lost when the averaged output in supernatant media is determined using conventional cell culture methods. We now report that it is feasible to use the cell immunoblot method to investigate the interactions of three peptides, adrenomedullin, CNP and ET-1, in human aortic endothelial cells.
In our investigation, using triple staining, we were able to detect all three peptides, adrenomedullin, CNP and ET-1, in the same human endothelial cell. We also demonstrated, using the cell immunoblot method, that at Figure 1 (A-C) Human endothelial cells that were immunopositive for adrenomedullin (red). These cells were submitted to a single-stain procedure -that is, they were exposed to anti-adrenomedullin during the immunohistochemical staining procedure, but not to other anti-peptide sera. They were counterstained with Light Green. There was a variation in intensity of staining exhibited by the cells within the cell population. Also, some cells stained for peptide but no secretion was detected (A), and some cells secreted peptide, which was indicated by the stained area outside the cell (B,C). (D-F) Human endothelial cells that were immunopositive for CNP (blue). These cells were submitted to a single-stain procedure, and counterstained with Light Green. There was a variation in intensity of staining exhibited by the cells within the cell population. Also, some cells stained for peptide but no secretion was detected (D), and some cells secreted peptide, which was indicated by the stained area outside the cell (E,F). (G) A human endothelial cell that was immunopositive for all three antigens: red, adrenomedullin; blue, CNP; brown, ET-1. The cell was not counterstained. These results indicated that all three peptides could be present in an individual human endothelial cell. (H) A human endothelial cell that was counterstained with Light Green and did not stain immunohistochemically for vasoactive peptide. least some cells secreted the three peptides. However, because of possible masking effects by multiple stain deposits, we could not reliably establish the absence of a peptide from cells that exhibited staining for other peptides, and so quantitation of subpopulations by multiple staining was not possible. An earlier study suggested that virtually all endothelial cells derived from coronary arteries secreted both ET-1 and angiotensin II (Kusaka et al. 2000) . Our results are more in concert with those of another investigation (Fischer et al. 1997) , which observed that only a fraction of cells that contained angiotensin II also secreted the peptide.
Only ET-B receptors have been identified in endothelial cells, although both ET-A and ET-B receptors have been observed in VSMCs. Hence, in the present study, the ET-A/ET-B receptor antagonist, bosentan, was presumably acting to reduce adrenomedullin and CNP via ET-B receptors. Indeed, this was confirmed by using an ET-B receptor antagonist, BQ-788. To investigate whether the cells were in fact responsive to ET-1, the peptide was added to the incubations and found to increase the numbers of cells that secreted adrenomedullin and CNP in a concentration-dependent manner. Thus there seems no doubt that ET-1, acting via ET-B receptors, can modulate adrenomedullin and CNP secretion from human endothelial cells. That ET-1 is secreted into the extracellular spaces before its binding to the ET-B receptor is suggested by the inhibitory effect of ET-1 antiserum on adrenomedullin and CNP secretion. Although other groups (Schiffrin 1999 , Giardina et al. 2001 have inferred that endothelin induces release of active vasorelaxing factors (such as nitric oxide and prostacyclin) from rat endothelial cells in basal conditions, the current investigation demonstrated that ET-1 can modulate basal, tonic regulation of adrenomedullin and CNP secretion from human endothelial cells, as both ET-1 antiserum and the ET-B receptor antagonists reduced secretion of the two peptides.
Endothelin-1 has been observed in previous studies to inhibit (Isumi et al. 1998) or to increase (Jougasaki et al. 1998 ) the release of adrenomedullin from endothelial cells. The findings of our studies, under quite different experimental conditions, support the data of Jougasaki et al. (1998) in demonstrating stimulation of adrenomedullin secretion by ET-1, and extend those observations by also showing inhibition of adrenomedullin secretion with anti-ET-1 antiserum or receptor blockade.
Other studies have used prolonged periods (6-24 h) to detect increases in concentrations of peptides in supernatant media in cultures of endothelial cells (Suga et al. 1993 , Isumi et al. 1998 , Jougasaki et al. 1998 . Under conditions utilised here, we observed responses in adrenomedullin and CNP secretion by individual cells at 4 h, and even at 1 h. Further studies may clarify just how rapidly these cells can respond to peptide agonists and antagonists.
Interactions between the biological effects of the three peptides studied here have been suggested previously (Chun et al. 1997 , Hillier et al. 2001 , Honing et al. 2001 . Our study provides evidence that interactions occur at the cellular level in regard to secretion, with increasing recruitment of vasorelaxant peptide-secreting endothelial cells. Such information gathered at the level of single cells using the cell immunoblot method provides data complementary to those obtained by analysing the supernatants from classical cell culture techniques.
Relatively high concentrations of the peptides studied here might develop in the local, intercellular environment (Suga et al. 1993 , Sugo et al. 1994b , Ishihara et al. 1997 , Pham et al. 1997 ) but may be reflected poorly, if at all, by changes in their plasma concentrations or overall averaged secretion from classical cell cultures. Hence this study focused on local production by single cells. It will be an interesting challenge to determine how concentrations of peptides within or between cells relate to circulating concentrations.
The incubation conditions in our study proved critical to delineating responses in hormone secretion. 'Standard' conditions were 1 h of pretreatment incubation before the media were changed and antagonist/agonist were added in fresh media. However, if medium was left unchanged and bosentan or BQ788 pipetted into the 'used' media, the modulating effects of antagonists was abolished. These observations suggest that, unsurprisingly, other autocrine/ paracrine factors (Suga et al. 1993 , Isumi et al. 1998 , besides those that were the focus of this study, are involved in vasoactive peptide regulation in endothelial cells.
In summary, we have shown, using the cell immunoblot method, that some human aortic endothelial cells have the potential to secrete all three of the vasoactive peptides, adrenomedullin, CNP and ET-1. Furthermore, ET-1 increased, in a dose-response fashion, the proportion of cells that secreted adrenomedullin and CNP, whereas bosentan, BQ-788 and anti-endothelin serum had the opposite effects. The results suggest that endogenous ET-1 modulates basal secretion of adrenomedullin and CNP in individual endothelial cells. Furthermore, our observations, along with earlier reports that secretion of endothelin can, in turn, be affected by adrenomedullin and CNP (Emori et al. 1993 , Hirata et al. 1995 , Kohno et al. 1995 The P value is relative to incubation with endothelin-1. n=number of incubated aliquots, number of experiments. Miura et al. 1995 , Barker & Corder 1997 , Hillier et al. 2001 , and can modify the response of vasoactive peptide at the target cell (Eguchi et al. 1994 , Vigne et al. 1994 , Fixler et al. 2001 , suggest the existence of a finely tuned, self-responsive vasoregulatory system with an important component residing within endothelial cells. The media were not changed after 1 h pretreatment incubation, and normal medium or medium containing bosentan was pipetted into the incubation. n=number of incubated aliquots, number of experiments. ***P<0·001 compared with control.
